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Abstract
The production of composite wings at Boeing causes carbon fiber waste and CWU Mechanical
Engineering Technology students have been tasked in designing a carbon fiber recycling system.
This project was brought forth and funded by the Joint Center for Aerospace Technology
Innovation (JCATI). There are three subsystems that make up the carbon fiber recycling system,
the delamination system, shredding system, and the oven. The purpose of this project was to
increase the efficiency and effectiveness of the delamination system of the carbon fiber
recycling system. The old system reached approximately 30-40 percent delamination with one
pass through the system, and the center of the housing deflected near 0.125 inch during the
crushing process. To increase the effectiveness of the delamination system, the shear modulus
of the carbon fiber drove the design requirements to ensure enough crushing force would be
applied. The shear modulus was able help determine the needed torque and crushing force of
8750 pounds. To meet the needed torque, the input torque was increased by 25% by a group
member and another set of crushing wheels was added to the design. With the carbon fiber
strips being crushed twice a greater percentage of delamination will be reached. To ensure the
housing deflected less, a more rigid frame was designed made of 14 angle iron members
welded together. Initial testing has found that the carbon fiber strips now reach 60 percent
delamination, and the housing only deflects .0035 inches at the point of interest on the
housing.
Key Words: Boeing, carbon fiber, delamination, recycling
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1. INTRODUCTION

Figure 1.0 - Carbon Fiber Recycling System Diagram

Figure 1.1 – New Design of Delamination System

Figure 1.2 - Completed Carbon Fiber Delamination System

a. Description
From the production of aircraft wings there is a lot of waste of carbon fiber that currently does
not have a way to recycle the material. To make the production of airplanes more
environmentally friendly a system to delaminate, shred, and pyrolyze the wing trimmings is
necessary. project will include increasing the effectiveness of the delamination process.
Engineering will be used to solve this problem by deriving the needed crushing force for carbon
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fiber to fail in shear, this force will then be used to identify all the needed design parameters
for the system. This portion of the carbon fiber recycler project will include adding another set
of delamination crushing wheels. The first set of crushing wheels will start the delaminating
process with a smaller interference value and the second set of crushing wheels will have a
larger interference causing greater deflection and further delamination. To make that happen
all the components of the delamination system will be redesigned such as the frame, housing,
crushing shafts, crushing wheels, and picking new bearings.

b. Motivation
This project was motivated by the need for a more effective delaminating process. With the
current design with one set of crushing wheels with only 2000 ft-lbs. of torque the carbon fiber
is not reaching a high enough percentage of delamination before it reaches the shredding
system, and this causes the shredder to seize. With an increase of torque that will be supplied
to two set of crushing wheels the process will reach much closer to 100% delamination. This
project also serves as a gateway into a career in the aviation field along with working to make
the aviation industry more sustainable.

c. Function Statement
The function of this project is to provide an additional set of crushing wheels to assist in the
delamination process of the carbon fiber wing trimmings.

d. Requirements
The crushing wheels will be first in the delaminating process and following factors listed in
order of importance will have to be considered:
Confirmed Through Testing:
• The new crusher must delaminate the trimming to 100%.
• The feed rate of the delaminating process must be at least 1 foot per minute.
• The housing of the delamination system will not have a horizontal displacement of .125
inches when crushing the material.
Confirmed Through Analyses
• The crushing shaft will not deflect more than .05 inches.
• The minimum key length for the key that will transmit the torque from the sprocket and
spur gear must be less than 8 inches.
• The minimum key length for the key that will transmit the torque into the crushing
wheel will be less than the hub length of 3 inches.
• The Bearing at point C on the shaft must be able to withstand a dynamic load of 12,000
pounds.
• The Bearing at point E on the shaft must be able to withstand a dynamic load of 5,000
lbs.
• Each vertical frame support must have a critical failure load of over 3000 pounds.
• The bolts attaching the bearings to the frame must not have a stress of more than 15
ksi.
• The shaft should be precise within at least 0.05 inches and have a loose running fit.
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Confirmed Through Solidworks Design and Assembly
• Crushing wheels will have gap of 0.40 inches to start the crushing process
• The wheels are no larger than 8 inches in diameter to keep the size of the delamination
system down
• The new crushing wheels will be aligned with the existing system with a tolerance of 0.5
inch
• The shaft should be precise within at least 0.05 inches and have a loose running fit.
(Confirmed in Manufacturing as well)

e. Engineering Merit
The goal of this project is to deliver a working system to recycle carbon fiber trimmings that can
be used in industry to make the lifecycle of airplane materials more sustainable. The addition of
a more efficient delaminating system will be a big step to delivering this to industry. Methods
from Mechanics of Materials will be used to find the needed radial force that the crushing
wheels will provide to reach the yield stress of carbon fiber and determining the stress within
the fasteners. Processes from Mechanical Design will be used to identify the minimum
diameters along the crushing shaft, which bearings to use, and key sizing. Methods from Statics
will be used when finding the reaction forces on the bearings, frame members, and fasteners.

f. Scope of Effort
This portion of the JCATI project will include adding an additional set of crusher wheels to the
delaminating portion of the system. This includes crushing wheels, a new motor, and a way of
attaching an additional set to the system.

g. Success Criteria
The testing success depends on the crushing system delaminating a piece of carbon fiber to 100
percent delamination. The project construction success will be based on if the construction is
completed schedule within the Gannt chart schedule in Appendix E with a 10% / week grace
period. The Design success was dependent on designing a system that meets all the design
requirements that were listed above.

2. DESIGN & ANALYSIS
a. Approach: Proposed Solution
The project at hand is to make a more effective process for the delamination process of the
carbon fiber wing trimmings. The initial design that was decided on was to add an additional set
of crushing wheels. This additional step in the process would aid in getting the carbon fiber to a
delamination of 100% before making it to the shredder. This would also cause less stress and
deformation on the crushing shafts because the crushing will be split into two separate steps.
Originally a second power source was going to be added but the chance for binding between
the two crushing steps would have been evident. Also, the work to get separate motors to work
in unison would prove great difficulty. A ram was another additional delamination process that
was proposed but previous testing showed it was not a practical process because of its lack of
8

self-propulsion of the material. The final designs that were decided upon were using the
existing powertrain, adding a new frame/housing to hold one side of the system, and adding a
new set of crushing wheels.
The table below shows the decision matrix that was used to decide how the delamination
system would be improved. The four categories that the options were rated upon were
difficulty to implement, ability to manufacture, compatability with the current design, and the
cost of the materials. The compatability category had a multiplier of 3 because the new design
had to be able to work with the current gearboxes and availible electric motor. That is the
reason that the adding and electric motor did not get rated as an applicable design option. The
other 3 categories all had a multiplier of 1 due to them not being as important factors of the
new design.

Figure 2.1 - Initial Design Decision Matrix

b. Design Description
The current design of the delamination system will have an additional set of crushing wheels
with a clearance gap of 0.35 inches at the point of complete deflection. These crushing wheels
will be powered by the existing motor, but additional gearing will be done to provide enough
torque for both sets of crushing wheels. In addition, a new housing will be constructed to align
the delamination system with the shredder and to provide a more rigid frame to house 2 sets of
crushing wheels.

c. Benchmark
The addition of another set of crushing wheels will be able to compare to the performance of
the delamination system when it only had one set of crushing wheels. With the previous design
delaminating to around 30-40% at the end of the project the system will improve upon that. As
well as creating a continuous flow of material through the delamination system into the
shredder.

d. Performance Predictions
The performance predictions include keeping the feed rate of the delamination at 1 foot per
minute. The carbon fiber delamination will double from previous years with the addition of
another set of crushing wheels to near 60% delamination. The force required to delaminate the
material will not deflect the shaft of the crushing wheels more than .05 inches. The housing will
deflect less than the requirement of 1/8 inch in the horizontal axis.

e. Description of Analysis
The first analysis (Appendix A-1) that was completed calculated the needed crushing force that
will be applied by the new set of crushing wheels. The analysis was used with skills learned in
9

Mechanics of Materials, which was computing the max shear stress. It was assumed that the
stress that will separate the different layers of the carbon fiber will be shear stress. The max
torque will be used to analyze the stress the crushing teeth will go through. To determine the
key diameters of the shaft for the crushing wheel shaft design practices from Machine Elements
in Mechanical Design were followed. To test the chosen diameter at the crushing wheel a
Goodman’s stress check was completed as well. Other mechanical design analyses were
completed to determine design parameters such as bearing numbers, key sized, bolt sizes, and
tolerances/fits for the crushing shaft and crushing wheel hub.

f. Scope of Testing and Evaluation
Testing will be completed at the end of construction to see if it is able to delaminate carbon
fiber strips to 100%. A caliper jig will be used to test the horizontal deflection of the housing,
and additional measurements will be taken to see if other components are moving during
operation. Lastly, the feed rate of the system will be tested. See section 4 for further
information.

g. Analysis
Table 2.1- Summary of Analyses

Objective
Needed Crushing Force

Findings
8750 lbs.

Reference Location
Appendix A1.1

2

Deflection of Crushing
Shaft at Key location

.0002 inches

Appendix A2.1

3

True Crushing Force

15000 lbs.

Appendix A3.1

4

Needed thickness of
Housing (Obsolete)
and horizontal deflection
Shaft Key Diameters

0.375 inches

Appendix A4.1-4.3

.040 inches
1.69, 2.08, 2.94,
2.91,
1.76 inches

Appendix A5.1-5.4
Appendix B – Crushing Shaft

6

Goodman’s Failure
Analysis

Passed

Appendix A6.1-6.2
Appendix B – Crushing Shaft

7

Minimum RPM
calculation
Determining Need for
Center Support

0.47 RPM

Appendix A7.1

35% increase in
Strength

Appendix A8.1-8.2
Appendix B – Frame Support
Crossmember

1

5

8

10

9

Determining Key Sizing

5.8 inches
2.9 inches

Appendix A9.1
Appendix B – Spur/Sprocket Key
Appendix B – Crushing Wheel Key
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Determining Bearing
Specifications

Bearing Numbers of
6310 and 6305

Appendix A10.1
Appendix B – 3 inch Radial Bearing
Appendix B – 1.75 inch Radial
Bearing

11

Determining Bolt Size

Minimum of 9/16
inch bolt is sufficient

12

Thickness of Vertical
Angle Iron Supports

0.25 inch thick

13

Tolerance/Fits for
Crushing Shaft

RC5 fit for bearing
side

Appendix 11.1
Appendix B – Housing SubAssembly
Appendix 12.1-12.2
Appendix B – Top Frame
Crossmember
Appendix B – Front Frame
Crossmember
Appendix B – Front Horizontal
Frame Crossmember
Appendix B – Frame Support
Crossmember
Appendix A13.1
Appendix B - Crushing Shaft

RC8 fit for hub side
i. The first analysis was completed to calculate the needed applied force to delaminate the
carbon fiber strips. It was assumed that shear stress will be stress that will separate the layers,
and the stress to yield the plastic polymer bond is 2,000 psi. The Max Shear Force was used to
find the load that would take to reach a max stress of 2,000 psi. The design parameters found
from the analysis are the applied force that will need to be applied is 8750 lbs. of force at the
new crushing wheel. This design parameter is documented in Appendix A-1.1.
ii. The second analysis was completed to confirm the shaft of the crushing wheels will not
displace more than the maximum of .05 inches. This required the use of a beam deflection
formula from mechanical design. It was assumed that the material for the shaft will be a 4000
series steel and the diameter will be 2.0 inches. The design parameter that was obtained from
this analysis was the max deflection of the crushing wheel shaft confirm the diameter of 2
inches is suitable. The max deflection was calculated to be .0002 inches, so the diameter of 2
inches is suitable. This design parameter is documented in Appendix A-2.1.
iii. The third analysis was completed to see if the new torque input matched with 8 inch
diameter crushing wheels would provide enough force to delaminate carbon fiber to 100%. This
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was done by assuming the crushing wheels act as a spur gear with total contact. Solving for the
radial force applied by the crushing wheels showed a crushing force of 7500 lbs. will be applied
at each set of crushing wheels. So, after the carbon fiber goes through both sets of crushing
wheels it will receive more than the required 8750 lbs. This confirmed the new input torque
and diameter of 8 inches for the crushing wheels is applicable for the redesign. This design
parameter is documented in Appendix A-3.1.
iv. The fourth analysis was completed to find the needed thickness of the side of the housing to
ensure the housing will not deflect more than .125 inch during the crushing process. This
required finding the radial force from the spur gears, the reaction forces at each side of the
plate and then finding the thickness of the plate assuming it would act similar to a support
column. To have a safety factor near 2 a thickness of 0.375 in is needed on housing Side 1 and
at least 0.25 in for housing side 2. This analysis was later determined to be obsolete by adding a
support column to the center of the frame to reduce costs while also increasing rigidity. After
the housing plate was decided to be 0.25 inch thick this analysis was revisited to determine a
approximate horizontal deflection of the housing. That deflection was to see if it would pass the
requirement of 0.125 inches. The approximate horizontal deflection came out to .04 inches
with an assumed force of 100 lbs. This design parameter can be found in Appendix A4.1-4.3.
v. The fifth analysis was completed to determine the diameter of the shaft at the 5 different
critical locations. This delivers the dimensions to ensure the shaft will not deflect more than .05
inches. This will allow for the shaft to not deflect more than the .05 inches while crushing the
material. This required choosing a suitable material for the shaft (SAE 1020 CR), completing
shear and moment diagrams, calculating the endurance limit, and then solving for the
necessary diameters. Using a design factor of 2 the 5 diameters that were found were: 1.69
inches, 2.08 inches, 2.94 inches, 2.91 inches and 1.76 inches. To increase manufacturability the
diameters of 2 inches, 3 inches, and 1.75 inches will be used. This design parameter can be
found in Appendix A5.1-5.4 and can be seen in Appendix B – Crushing Shaft.
vi. The sixth analysis was completed to determine if the shaft would fail due to the cyclic
loading of crushing the carbon fiber. This ensures that the shaft diameter will not fail with the
dimensions found in the previous analysis. This confirms the diameter that was chosen for the
critical point of the shaft at where the crushing wheel is located. This was completed with the
following steps: FBD, Shear and Moment diagrams, Calculating Stress, Endurance Strength,
Goodman’s Criterion, and checking for Early cycle Yielding. It was confirmed that a diameter
greater than 2.4 inches at the critical point is ideal. This design parameter can be found in
Appendix A6.1-6.2 and can be seen in Appendix B – Crushing Shaft.
vii. The seventh analysis was completed to determine the minimum required rotations per
minute that will be needed to meet the feed rate requirement of 1 foot per minute. This was
completed by determining the circumference of the smallest crushing wheel and then
calculating the rpm. The needed RPM was found to be 0.47 RPM, this was compared to the new
given RPM of 2.1 to determine it was sufficient. This design parameter can be found in analysis
7.1.
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viii. The eighth analysis was completed to determine if adding a center support to the housing
frame would be sufficient versus thickening the housing plates to .35 inches. This was
completed by finding the max deflection of the plate due to an experimental side load of 7500
lbs. for a 20X20 in plate and a side load of 3750 lbs. for a 20X10 in plate. The assumption was
made that if a center support was added it would cause the housing to act as two separate
plates. It was found that the addition of a center support with the .25 inch plate would
minimize the deflection from .405 inches to .26 inches, an improvement of 35%. This
improvement was determined to be sufficient and will keep cost down. This design parameter
can be found in Appendix A8.1-8.2 and can be seen in Appendix B – Frame Support
Crossmember.
ix. The ninth analysis was completed to determine the correct key sizes for the sprocket, spur
gear and the crushing wheel. This relates to ensure the key length for sprocket and spur gear
will be less than 6 inches and the length of the key for the crushing shaft is less than 3 inches. It
was completed by using Table 11-1 in Mott to find the key dimensions of 0.5 X 0.5in for the
diameter of 2 inches at the spur gear and sprocket, and 0.75 X 0.75in for the diameter of 3
inches at the crushing wheel. It was assumed that the failure mode wouldn’t be the key, so
equation 11-4 from Mott was used to determine the minimum required length for the keys in
compression. The minimum length for the first key came out to be 1.875 inches so a key that is
5.8 inches will be used. The minimum length for at point D at the crushing wheel came out to
be 0.83 inches so one key will be used with a length of 2.9 inches. This design parameter can be
found in Appendix A9.1 and in Appendix B – Spur/Sprocket Key and Appendix B – Crushing
Wheel Key.
x. The tenth analysis was completed to determine the specifications of bearings that will be
needed for each side of the housing. This will ensure the system meets the requirements of the
Bearing at Point E being able to withstand a dynamic load of 5000 lbs. and the bearing at point
C being able to withstand a dynamic load of 12,000 lbs. This was done by calculating the design
life of the bearings assuming it is a rotary crusher, calculating the basic dynamic load rating, and
then finding a bearing number that surpasses the load rating. It was found at Location C a
bearing number of 6310 will be needed and at Location E a bearing number of 6305. These
bearings can withstand forces of 13,894 pounds and 5058 pounds respectively, surpassing the
requirements of 12,000 pounds and 5,000 pounds. This design parameter can be seen in
Appendix A10.1 and in Appendix B – 3 inch Radial Bearing and Appendix B – 1.75 inch Radial
Bearing.
xi. The eleventh analysis was completed to determine if 9/16 inch bolt is suitable to attach the
bearings to the housing plates. This will ensure there is not more than the requirement of 15
ksi that is acting on the bolt. This was completed by finding the reaction forces in each bolt, the
resultant force, and determining the max stress. It was found the max stress in a 9/16 inch bolt
would be 12.6 ksi which is less than the 15 ksi, so that size of bolt will be sufficient. Design
parameter can be seen in Appendix 11.1 and in Appendix B – Housing Sub-Assembly.

13

xii. The twelfth analysis was to find the needed thickness of the vertical angle iron supports.
This will test the requirement of the vertical crossmembers being able to support a uniaxially
load more than 3000 lbs. It was assumed that the angle iron behaved as a column that is fixed
on both ends. This was done by calculating the moment of inertia of a 1.5 in X 1.5 in X 0.25 in
piece of angle iron, determined the correct the column formula to use, it was determined to be
a long column so Euler’s formula was used. An angle iron support with the assumed dimensions
would have a critical load of 3788 pounds, confirming that those dimensions are sufficient. This
design parameter can be seen in Appendix 12.1-12.2 and in Appendix B – Top Frame
Crossmember, Front Frame Crossmember, Front Horizontal Frame Crossmember, and Frame
Support Crossmember.
xiii. Analysis 13 was completed to find the tolerance values that were needed to complete the
programming for the computer aided manufacturing of the crushing shaft. This was completed
by designing to the industry standard of a basic hole and a RC8 loose running fit. The tolerance
values were used from CHPT 13 of the Machine Elements in Mechanical Design textbook.
This analysis can be seen in Appendix 13.1 and implemented in Appendix B – Shaft, Crushing.

h. Device: Parts, Shapes, and Conformation
The addition of another crushing will be able to get the delamination of the carbon fiber
to nearly 100 percent before reaching the shredder. The existing crushing wheel design gets the
carbon fiber trimmings to over 50 percent delamination so the additional set will complete the
process well. The safety factor for all the parts in the assembly were chosen to be over 2.0.
Specifically, the design factor for the crushing wheel, crushing shaft, and supports are over 2.0
because the force that will be available is depending on the new available torque from the new
gear ratio chosen. For the design of the housing the tolerance of ±.01 inches was used for the
hole locations for the shafts and normal bolt holes because the position of the shafts and the
crushing gap is crucial to the performance of the system. But the gap of the crushing wheels will
be dialed in with the used of roll pins after the shafts are set to the desired locations. To
increase the efficiency, the ergonomics of the recycling system was improved by designing the
delamination system to directly feed into the shredding system. Crushing discs with angle iron
crushing teeth are used to have a contact angle of 45 degrees this ensures that 100% of the
tangential force is transferred to radial crushing force. Angle Iron was chosen for the frame of
the system over flat bar because of its ability to resist bending that will be put on the frame
during the crushing process.

i. Device Assembly
A new housing was constructed to house the existing crushing wheels and an additional set of
crushing wheels. With the addition of another set of crushing wheels, the system will be able to
get the carbon fiber to 100 percent delamination to go into the shredder. Both sets of crushing
wheels have the same gap to ensure they are both applying the same amount of crushing force.
The housing will be made up of a frame that will have enough rigidity to hold up to the crushing
process.
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j. Technical Risk Analysis
Some technical risks for this project included the placement of the holes. If the wrong hole
locations were cut then the crushing wheels could have an incorrect gap possibly causing the
carbon fiber to not reach 100% delamination. This risk was handled by oversizing the placement
holes and then using roll pins to get the bearings into the correct position. Along with that, the
positioning of the crushing wheels in the new housing is highly crucial to have the trimmings
feed through the two crushing wheel sets and into the shredder with no additional guidance
needed. With the decision to not add an additional motor to cut down on cost and increase
manufacturability there is a risk that there will not be enough torque to power the additional
set of crushing wheels.

k. Failure Mode Analysis
Multiple failure mode analyses were completed during the design of the crushing system. The
first was completing a Goodman’s Criterion analysis to test if the crushing shaft will fail due to
the cyclic loading of the crushing operation. Additionally, early cycle yielding was checked for
on the crushing shaft because Goodman’s criterion does not account for that. A shear stress
analysis was completed on the bolts that will attach the bearings to the housing plates to
ensure they do not fail during normal loading conditions while crushing.

l. Operation Limits and Safety
Carbon Fiber can be no wider than 3 inches wide because the crushing wheels are only 3 inches
wide. The crushing system was designed to crush carbon fiber of 0.35 inches thick but absolute
maximum thickness that can go through the system is 0.4 inches due to the distance between
the tip of the tooth and the opposing disc. Due to the torque being limited at 2500 ft lbs. the
only the thickness of 0.35 inches will be tested. The crushing wheels will pull in the material
under their own power, and operators should not interfere with the system while it is
underway. To ensure that nothing else except the carbon fiber strips can reach the crushing
wheels, a plexiglass shield will be designed and attached to increase safety. This will be
implemented during spring quarter after the operation of the delamination system can be
observed to identify the best way to add the cover. A plexiglass cover was also implemented on
the back end of the delamination system for safety. While the delamination system is in
operation the proper CWU lab PPE should be worn.

3. METHODS & CONSTRUCTION
a. Methods
The idea of the Carbon Fiber recycling system was originally brought forth to CWU from the
Joint Center of Aerospace Technology Innovation. The project of upgrading the delamination
system of the carbon fiber recycler was conceived analyzed and designed at CWU. The CNC
machine in Hogue will be used to machine the details of the Crushing Shaft and Housing plates.
15

A metal chop saw will be used to cut angle iron to length for the frame and crushing teeth. A
welder will also be used to construct the frame and crushing wheel assembly. The parts of the
solution were designed to work within the CWU resources.
i.
Process Decisions
To manufacture the new frame of the crushing system a metal cutoff saw will be used to cut
1.5-inch angle iron to the desired lengths. Since the 1.5-inch angle was 0.25 inches thick there
was issues with the blade of the cutoff saw “walking” or moving during the cut causing
inaccurate lengths. To fix this issue the process of grinding down the angle iron pieces to size
was added. To attach the pieces together a wire fed welder will be used. To ensure enough
welding material was added to hold the frame together, a grinder was used to chamfer the
edges of the angle iron to allow for the welding material to sit between the pieces, increasing
the structural integrity of the frame. Also, the grinder was used to grind down the exterior
welds flush to the frame so the housing plates can sit flat on the frame. This same process will
be used when manufacturing the teeth for the crushing wheel and they will be welded onto the
crusher discs that will be cut to size using the CNC plasma cutter.
To add holes to the angle iron frame a drill press was used. First the hole locations were
measured and marked with a punch. Correct drilling practices were used by starting to drill the
1
holes with a 8 inch drill bit, stepping up to ¼ inch drill bit and then finishing with the ½ inch drill
bit along with the use of cutting fluid. That ensured drill bits were not dulled at a faster rate and
was a lot easier on the drill press.
To manufacture the housing plates a CNC plasma cutter was used to accurately cutout the
outer dimensions of the plates and all the hole locations. This was chosen because CNC
machines are known to be more accurate than drilling the holes out with a drill press but the
quality of the holes were not as great quality as expected. To clean up the plasma cut parts an
angle grinder was used.
To manufacture the crushing shafts a CNC lathe was determined to be the best process due to
the higher precision and the higher efficiency of the CNC compared to a hand operated lathe.
For adding the 2 keyways into the shaft the Partner manual milling machine was used.
To manufacture the crushing wheel hubs the original hole was drilled on the HAAS lathe and
the hole was then enlarged from 1.5 inches to 3 inches. To manufacture the crushing wheel
hubs a manual lathe was used because it was not known how to use a boring bar in a CNC lathe.
The crushing wheel hub was completed with the use of a 1.5-inch drill bit and a boring bar to
take inner diameter to 3 inches. A ½ inch broach, 3-inch type D bushing, and a manual arbor
press was used to put the keyway into the inside of the hub. A metal band saw was used to cut
the hub into 2 2.5-inch lengths. The 2 ½ inch keys that will be used on the shaft were cut to size
using a metal band saw in the CWU machine shop.
See Appendix F for the decision matrix that relates the following decisions.
One of the major decisions to be made on the crushing system was to choose the best material
for the crushing shafts. The main deciding factors for this material was the cost of the steel and
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the manufacturability. In order to keep costs down the shaft diameters will be machined at
CWU versus ordering the shaft pre-machined. The materials that were chosen between were
SAE 1020, SAE 1137, and SAE 3140. See Appendix F-1 Table for the decision matrix.
Another decision that needed to be addressed was the best way to get the housing plates
machined to the correct size and with the correct hole locations. It had to be decided if this
would be machined at CWU using a CNC machine, using a drill press, or outsourcing this
machining. The main factors in the matrix were the cost of the manufacturing, cost of the
process, and precision. It was decided that the CNC machine at CWU would be the best option.
See Appendix F-2 Table for the decision matrix.
The last major decision that had to be made was the best way to strengthen the housing of the
system. The two designs were to increase the plate thickness from 0.25 in to 0.375 in or to add
a center support crossmember into the frame. The main factors in this decision were the cost of
additional angle iron vs the cost for a thicker steel plate, weight, and the manufacturability of
the two options. It was decided to use a center support to increase the strength of the housing,
see Appendix F-3 Table and Appendix A8.1-8.2 for further information.

b. Construction
i. Description
The Delamination System will be built in 2 separate sub-assembles and 19 parts. The first
assembly to be built is the Housing Sub-Assembly and the first section of that assembly will be
the housing frame, this is made up of 4 different parts including the Top Frame Crossmember,
Front Frame Crossmember, Front Horizontal Crossmember, and the Frame Support
Crossmember. This will be manufactured off site at the Ploeger Shop. The housing plates were
machined at CWU with the use of a plasma table and then attached to the frame. A total of 8
bearings are needed, 4 are existing from the previous design and 4 more will be purchased. The
second subassembly is the Crushing Wheel Sub-Assembly and that consists of the crushing
wheel, which will be made up of the Crushing Teeth (cut to size), Crushing Wheel Hub (milled to
size), and the Crushing Discs (cut to size) these will be welded together at CWU. Next the
crushing shafts will be turned down from 3-inch stock material in the CWU machine shop. The
crushing wheel will be held onto the shaft with a key and two snap rings. These two subassemblies will come together as an assembled Delamination System.
ii. Drawing Tree, Drawing ID’s
In Appendix B a drawing tree can be found that shows the hierarchy of the manufactured parts,
purchased parts, and assemblies. The total delivery for this project can be seen in the drawing
tree as the Delamination assembly, the assemblies that make up the main assembly are the
Housing Sub-Assembly and the Crushing Wheel Sub-Assembly. Within the Crushing Wheel SubAssembly, the Crushing Wheel Disc, Crushing Wheel Teeth, Crushing Wheel Hub, Crushing
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Wheel Key, and the Crushing Shaft are included because that will be assembly separately and
then added to the Housing Sub-Assembly. The larger assembly is the Housing Sub-Assembly,
and this starts off with frame crossmembers because that is going to be constructed first. Then
the 2 housing plates are added to the side of the frame. The Bearings are then added to the
plates and lastly the top plate is added because it causes construction to be more difficult. The
crushing wheel had to be constructed in another assembly because it needs to be constructed
before it is added to the entire assembly.
iii. Parts
The main process groups that were to manufacture the parts include metal fabrication using a
metal cutoff saw, a lathe CNC machine, manual lathe, a CNC plasma cutter, a handheld grinder
and a milling machine. A metal cutoff saw was used to cut the purchased 3-inch round metal
stock to the 21.5-inch lengths for the new crushing shafts, and to cut down the purchased 1.5inch and 0.75-inch angle iron. The CNC plasma cutter was used to cut the details into the
housing plates for the fastener holes, attaching the bearings, and the holes for the crushing
shaft. These housing plates were machined from a larger purchased ¼ inch steel plate that was
cut down using a CNC plasma cutter. The plasma cutter was also used to cut the crushing wheel
discs. A handheld grinder was used to clean up all the ¼ inch steel parts. Additionally, the
Milltronics ML-18 lathe was used to machine the different diameters into the round stock. The
HAAS lathe was used to machine the crushing wheel hub to the correct inner diameters. A drill
press was used to drill the fastening holes into the angle iron frame parts.

iv. Manufacturing Issues
There were many possible issues regarding getting this project completely constructed on time.
A big concern was not being able to get parts/materials on time such as the bearings, steel
plates, and the steel round stock for the shaft. When these materials were delivered or
purchased it was determined how much time was available for completing the machining on
the more time intensive parts. The plan should have had the more time intensive parts such as
the shaft and the hubs start first. Time in the machine shop and welding time were hard to
come during winter quarter, so time over winter break was used to get a head start on the
frame. An issue that occurred was with the use of a lower grade metal cutoff saw to cut the
angle iron frame pieces to length caused inaccurate cuts meaning more time was needed to
grind the angle iron parts to the correct length. Due to the manufacturer working along with
going to school there was an issue finding enough time in the machine shop to manufacture
parts.
A lack of experience using the Torchmate caused a lower quality in the finish of the cuts for all
the plasma cut parts. This was recognized before all the parts had been cut from the ¼ inch
steel, so the cutting speed was significantly reduced to 40 inches per minute. After finishing all
the ¼ inch parts it was realized an even slower cutting speed could have been used for better
quality of cuts. To clean up the edges a handheld grinder had to be used and a pedestal grinder.
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A lack of knowledge with using the Milltronics CNC lathe was identified, and the engineer had
not taken MET 355, so assistance was needed. The manufacturing of the shafts took much
longer then anticipated due to the assistance that was needed and because the G code had to
be hand programmed by Professor Pringle.
A lack of knowledge when it came to boring out inner diameters caused the crushing wheel
hubs to take much longer than planned. Also, during the automated boring on the Haas lathe
the insert to the machine shops boring bar broke. The machine shop didn’t have an extra so
due to the lack of the right tool the new crushing wheel hubs were still in production through
final week.
v. Discussion of Assembly
There are 2 sub-assemblies that make up the entire Delamination Assembly (ARE-10-003), more
details about the contents of the assemblies can be seen in Appendix B – Drawing Tree. The
first subassembly to be completed is the Housing Sub-Assembly (ARE 10-001). Starting with the
interior angle iron frame components being welded together, next the housing plates will be
machined and bolted to the frame. Lastly the bearings will be added to the Housing SubAssembly to complete it. Next the Crushing Wheel Sub-Assembly (ARE-10-002) was completed,
when the crushing wheel was completed, it was put on the shaft while the end of the shaft was
in the middle of the housing. Two snap rings were added to the shaft to prevent the crushing
wheels from moving horizontally.
The final assembly will receive input torque from the gearboxes into the bottom 2-inch shaft,
the torque then gets transferred to the top 2-inch shaft with a spur gear. These 2-inch shafts
will be doing the initial crushing. The torque will be transferred from the top 2-inch shaft to the
top existing shaft with the use of sprockets, the torque is then transferred down to the bottom
existing shaft with the use of spur gears. The carbon fiber strips will be passed through the new
crushing wheels and then through existing crushing wheels. The system is directly aligned with
the shredding system so the carbon fiber will directly feed into that system without any human
interaction needed.
The previous design of the delamination was decided to be the benchmark. This new design of
the delamination system is larger than the previous design because it has 2 sets of crushing
wheels causing the need for a much larger housing and frame. Fortunately, the system was still
able to be placed on the existing carbon fiber recycler table using the same mounting locations.
The new frame is expected to behave with more rigidity due to the addition of center supports
and having a frame completely welded together and not bolted together. The cost is very
similar to the previous design because many of the existing parts were reused so not everything
had to be remanufactured/repurchased (see Parts List in Appendix C). The manufacturability of
this system is very similar to the previous design because the same style of crushing assembly
was added.

4. TESTING
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a. Introduction
The purpose of this system is to be able to delaminate carbon fiber, to determine if the system
is successful the following types of tests will be completed. The main test that will be
completed for the project is to see if the addition of a new set of crushing wheels is able to get
the carbon fiber to 100 percent delamination. This means a total 8750 pounds of crushing force
is applied between the two crushing wheel sets. Carbon Fiber will be fed through the system
multiple times and data will be taken to test the following: approximate delamination
percentage, feed rate of the carbon fiber, and the deflection of the housing. While the system is
not in use the alignment between the shredder will be tested to see if it meets the
requirement.

b. Method/Approach
Once the system was completely constructed it was initially tested at around 100 rpm to make
sure all components can operate without any interference. Then a wood strip was inserted into
the crusher to prove the concept of the design. The approach to a majority of the testing will be
inserting uncrushed carbon fiber into the system while it is under power, if it reaches the point
after one pass where it can be fed directly into the shredder without further delamination it will
be deemed at 100 percent delaminated. The carbon fiber that will be delaminated will be
approximately 3 inches wide and 0.35 inches thick. The time will be measured with a timer to
check the feed rate per minute, a caliper was used to measure the deflection of the housing.
For the housing deflection test a magnetic caliper was attached to a metal plate that was placed
onto to a stool next to the system. The point of the caliper was placed against the side of the
housing, zeroed, and then it was recorded while the system was being operated. The testing
occurred in Hogue 127.
The initial plan for completing the housing deflection test was to position the caliper jig on the
side of the housing with all the spur gears but there was not enough room due to the
interlocking of the gears and the two chains. The next plan was to position the caliper on top of
the housing and have it hang down the side to measure the deflection of the side with the spur
gears. This was decided against because the caliper would be affected by the same forces being
attached to the housing so it would bot be able to read the deflection. The caliper was moved
to the other side of the housing because it theoretically experiences the same amount of
deflection.

c. Test Process
An initial test of the system with wood was completed to ensure the crushing wheels would not
interfere. Before inserting the carbon fiber, all the layers will be counted and recorded and then
checked again after the crushing process. A caliper jig will be set up at the critical point of the
housing so the deflection of the housing plate can be recorded while the crushing is in progress.
2 marks 1 foot apart will be marked on a piece of carbon fiber, and it will be timed on how long
it takes for 1 foot to go through the system. That time will then be used to calculate the feed
rate per minute. At least 3 people will be needed during the testing processes, one to read and
record deflection/ time feed rate, one to feed the carbon fiber into the system, and one person
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to run the system from the control panel (Professor Pringle). Uncrushed carbon fiber is needed
to complete this testing and will be provided by CWU.

d. Deliverables
Three separate tables were made to record the results of the three tests that were completed
and they can all be seen in Appendix G of the report and a summary can be seen below in Table
4.1. categories to show the experimental results. Some of the results that will be shown are
Max deflection of housing at area of interest, approximate percent delamination, alignment
with shredder, and feed rate. A column will be included to signify if the system passed the
corresponding requirement in each category. Pictures and/or videos will be taken while taking
measurements in order to explain the results of testing and will be included on the website and
future reports.
The first requirement that was tested was ensuring that the feed rate of the delamination
system was at least one foot per minute. The predicted result was that the system would run
over 1 foot per minute if the motor was run over 391 rpm. The calculation for needed feed rate
to achieve greater than 1 foot per minute of feed rate can be seen in Appendix A-7. The
outcome of the test was that the feed rate was 1.90 feet per minute when the motor is run at
700 rpm. A second trial was completed to be closer to the requirement of 1 foot per minute.
With the motor set to 400 rpm the feed rate was 1.00 feet per minute.
The initial test that was planned to take place was the delamination percentage test but when
the carbon fiber was fed into the system it was realized only one of each of the pillow block sets
had pins in them holding them in place. This caused the first set of crushing wheels to separate
significantly during testing, so the delamination results were not accurate the what the true
capabilities of the system. The group member in charge of the backlash worked on getting all
the pillow blocks set in place with roll pins so the delamination test can occur as soon as
possible. The engineer of this project assisted in resolving the issue by drilling all the holes
through the pillow blocks to make drilling the holes in the housing plates less of a time
commitment. As well it was noticed that even with the pins in the large pillow blocks the first
crushing shaft was still became unlevel after testing. To help resolve this issue roll pins were put
into the small pillow blocks as well.
After further testing it was noticed that the roll pins were not able to fix the movement of the
pillow blocks. To resolve this issue metal bars were welded to the housing plates above the top
pillow blocks and below the bottom pillow blocks to hold them in place. As well as feeler gauge
material was placed in between the bearing blocks and the placement bars. After those
improvements true data was collected and recorded.

21

Table 4.1 - Summary of Testing

5. BUDGET
a. Parts
During fall quarter the initial research showed most expensive material to procure was going to
be the 3/8-inch steel for the sides of the housing. Originally it was going to be purchased from
McMaster-Carr but that will be upwards of $700 for just the material for the housing. To reduce
cost the 4 new crushing shafts were planned to be manufactured at CWU from 2.5” low carbon
steel rod. Additionally, the crushing discs, angle iron for the teeth and frame, pillow block
bearings and the hardware will be procured from McMaster-Carr.
In winter quarter the cost of the plate was decreased from the original estimate because it was
reduced from 3/8-inch to ¼ of an inch material. Additionally, the cost for the shafts was cut
down by using the existing shafts and only remanufacturing 2 new shafts. The shaft was
increased from the original estimate of 2.5-inch diameter to the 3-inch diameter increasing the
cost to $185.47 each. The cost for all the 1.5X1.5X.25-inch angle iron was reduced from the
estimate of $130 to $117.43, this was due to purchasing from Everett Steel versus McMasterCarr. Instead of procuring the crushing discs, and housing plates from McMaster-Carr they were
all manufactured from a ¼-inch steel plate procured from Haskins. Another reduction of cost
was reusing most of the needed fasteners from the previous design. This saved close to $50.
Since the cost of this project exceeded over 1/5 of the total JCATI project funds had to be
allocated from the other portions of the budget. This was able to happen because the other
sections of the project (shredding system and oven environment) are using less than 1/5 of the
total budget.
Two part costs occurred during the testing phase of the project during the system
improvements. The first one was more in regard to manufacturing mistakes versus a mistake
during the testing. It was noticed during the initial delamination testing that the bottom
crushing wheel was not allowing enough room for the carbon fiber to deflect through the
crushing wheels causing more stress on the crushing teeth. This caused for around $25 dollars
to be spent on cutting wheels and grinding wheels to be able to take apart the bottom crushing
wheel in a timely manner. Also, during the system improvements portion of the testing phase 2
feeler gauges had to be used to wedge material between the bearing blocks and the placement
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bars that were added to the housing plate. Both the material for the placement bars and the 2
sets of feeler gauges were donated to the project by the CWU machine shop. These two testing
expenditures would have cost the project near $20.
To avoid future issues with the placement of the crushing teeth the placement divots on the
crushing wheel discs were increased in size by 25%. This allowed for easier and more accurate
placement of the crushing wheel teeth for consistent spacing. Also, only one disc that was used
while reconstructing the crushing wheel had the placement divots to avoid confusion.

b. Outsourcing
The manufacturing was completed mostly in the CWU Hogue machine shop. Additional welding
was completed at an off-campus shop with the assistance of Ken Ploeger and Hayden Ploeger.
Deconstruction of the crushing wheel was completed off campus in the main engineer’s shop.
Additional manufacturing skills and insight were donated by Professor Pringle and Bo Nielsen.

c. Labor
Labor was completed mostly at the machine shops in Hogue. To get an early start some of the
frame was welded at an off-campus location to start the timeline of the construction stage
earlier. For the budget in Appendix C, it can be seen the total labor cost was $6000 which was
estimated for 300 hours of labor at $20 an hour. This hourly rate was used because it is
comparative to an average design engineer intern pay.
To complete the reconstruction of the bottom crushing wheel hub for the system
improvements section of the testing phase 6 additional hours was needed. Also, the labor to
deconstruct the crushing wheel was completed at an off-campus location to allow for it to
occur in a timely manner over a weekend.

d. Estimated Total Project Cost
Originally the largest portion of the budget was going to be the steel for the housing which
would have cost near $800. In order to cut down on costs the shafts will be manufactured at
CWU original from 2.5” round stock which would have cost $350. Making 2 new crushing
wheels will cost close to $100. The most cost-effective portion of the project is the frame made
from angle iron which will cost around $100. Lastly hardware will cost near $50. That makes a
total budget of $1500 for the improvements to the delamination system.
The large cost of steel to manufacture the housing plates was cut down from the original
estimate of $800 to only $240. Due to the increase of size of the 2 shafts to 3-inch diameter
stock material that used $264 of the budget. That is still less than the original estimate of $350
and they were machined at CWU to cutdown on costs. The total cost of the project was
reduced from the original estimate of $1500 to $1,320.

e. Funding Source
The funding of this project is being graciously provided by The Joint Center for Aerospace
Technology Innovation. The grant that Is provided to the students with the goal of completing a
carbon fiber recycling system that can be scaled up in industry.
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6. Schedule

Figure 6.1 - Approximate Delamination Project Schedule

a. Design
The crushers necessities were made clear from the beginning, but the execution of the design
proved difficult. A lot of gaining additional information for mentors was needed to get an idea
how to execute the correct analyses by the end of the quarter. To stay on track weekly
meetings with the entire JCATI group have been scheduled to share upon design parameters
that have been determined. Multiple times a week communication with the member working
on the shredder is completed to plan how they will connect. The time that was estimated to
finish the writing portions of the document were underestimated, but extra time was spent to
increase the quality of writing. There was confusion regarding the types of analyses that had to
be completed and the correct processes to follow. To stay on track weekly communication with
Professor Pringle has taken place to get feedback on different assumptions on analyses.
The design of this portion of the project must be completed by the end of fall quarter to enable
an early start of construction of the housing and frame during the month of December. A
summary of the project schedule can be seen above in Figure 6.1 and a more detailed Gannt
chart can be seen in Appendix E. All analyses, drawings, and documentation have been
completed on time allowing the construction phase to start.

b. Construction
The construction of the project took a lot of man hours to complete so staying on track was
quintessential to getting to the testing phase on time. Construction started mid-December with
the fabrication of the frame of the housing. To cut out the shipping process out of part of the
process the total of 30 feet of angle iron needed was picked up by the engineer. Producing the
angle iron parts took 4 hours instead of the estimated 3 hours and it took 10 hours to assemble
the housing frame instead of the 8 hours that was planned. Any part that are going to be
ordered, such as the crushing shafts, were planned to be ordered as soon as possible to ensure
they are received on a timely date but were not ordered until the end of the January. To catch
up all the ¼ inch parts (4 parts) were able to be manufactured in a week using the CNC plasma
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table. There was a slight setback using the CNC table extending the manufacturing of the ¼ inch
parts by a couple of days. The next week was used to focus on starting the crushing wheel hubs.
Due to CWU’s only boring bar insert failing during the automation process the manufacturing of
this part was delayed until the replacement boring bar was received during finals week. For
precise shaft diameters the crushing shaft was manufactured in the Milltronics CNC lathe
during the final week of the quarter. This delay was due to the lack of experience with using the
CNC lathe. The last three weeks of the quarter will be for assembling the complete system. A
buffer was included in the schedule just in case additional time was needed for manufacturing
parts and it was needed for finishing the crushing shafts and the crushing wheel hub. A oneweek buffer into spring quarter was approved by professors and used to finish assembling the
entire delamination system.

c. Testing
The testing phase took place during spring quarter. The original testing plan was to start off
with a delamination test in the first 2 weeks of the quarter, with the feed rate test, and the
housing deflection test following in the 2-week periods. Another plan that was made in the
beginning of the quarter was to complete all three of the tests on 1 day of testing. When spring
quarter arrived neither of the schedules were able to be used and the order of how they were
all completed had to change due to the performance of the system. With the first test of the
delamination system, it was noticed that the crushing shafts were spreading apart causing not
all the crushing force to be transferred into the carbon fiber. With that issue the delamination
test couldn’t be completed so the feed rate test and housing deflection test were moved up in
the schedule moving the delamination test to weeks 5 and 6 of spring quarter. In order to
complete the delamination test many improvements were made to keep the bearing blocks in
place so all the crushing force could be transferred to the carbon fiber. Those improvements
included: increasing roll pin size to 3/8-inch roll pins through the bearing blocks into the
housing plates, welding on placement bars onto the housing to hold the position of the bearing
blocks, using feeler gauge material to ensure there was no gap in between bearing blocks and
positioning bars. These improvements were all completed during the weeks leading up to week
6 of the quarter and allowed for the delamination test to be completed on time.
The schedule for the spring quarter can be seen in Appendix E in the Device Evaluation and
Deliverables sections. The focus of spring quarter was completing the Device Evaluations that
included: Feed Rate Test, Housing Deflection Test, Percentage Delamination Test, System
Improvements, and Improved Plate Deflection Test. The results were all recorded and reported
in the tasks in the Deliverables section. It can be seen in the gantt chart that all the tasks within
Device Evaluation and Deliverables were completed within 1 hour of the estimated needed
time. More time will be spent on all the system improvements, improved deflection test, and
deliverables.

7. Project Management
Some of the main risks that challenged completing this project on time included getting
materials on time and having enough time for manufacturing during winter quarter. Making
enough time for manufacturing needed additional attention because a lot of time is needed to
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machine the new crushing shafts, crushing wheel hubs, housing plates, and welding the frame.
The lack of time in the machine shop would cause the project to be not completed. To lessen
this risk manufacturing of the frame started during December. To control the time management
risk, time in the machine shop was be scheduled early in winter quarter to allow for extra time
at the end of the quarter. There were many risks that go along with the processes to complete
this project and the following section will address these possible issues.
A risk assessment was completed to rate the possible resource, schedule, and technical risks
during the construction portion of the project. The rating table can be seen below in Table 7.1.
The greatest risk to the construction portion of the project was the lack of correct tooling for
completing machining practices such as the boring of the crushing wheel. The next greatest risk
was lack of available time in the engineer’s schedule that matched up with the machine shop
hours. These risks were further addressed in the following subsections.

Table 7.1 - Risk Assessment

Risk Category
Descriptions
Category
Level Value
Resources High
3

Schedule

Technical

Med

2

Low

1

High

3

Med

2

Low

1

High

3

Med

2

Low

1

Impact
Greater than 1 month
delay of schedule
1 week to 1 month delay
in implementation
1 day to 5 day delay in
implementation
Greater than 1 month
delay of schedule
1 week to 1 month delay
in implementation
1 day to 5 day delay in
implementation
Greater than 1 month
delay of schedule
1 week to 1 month delay
in implementation
1 day to 5 day delay in
implementation

Occurrence
Probability
Very likely greater
70%
Proable:30-70%
probability
Unlikely: Less than
30% probability
Very likely greater
70%
Proable:30-70%
probability
Unlikely: Less than
30% probability
Very likely greater
70%
Proable:30-70%
probability
Unlikely: Less than
30% probability

Exposure (Rank)
Impact x Occurrence
Probability =Rank

a. Human Resources
To get the manufacturing of the project completed certain mentors were needed. During the
month of December assistance from Ken Ploeger and Hayden Ploeger was needed to weld the
components of the angle iron frame together. The Ploeger’s provided expertise in welding
techniques needed to make a strong frame structure. To produce the crushing shafts to the
designed dimensions Professor Pringles expertise on the Milltronics CNC lathe was used. To
locate the correct hole locations on the housing plates Bo Nielson’s assistance was used to
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learn how to independently run the plasma table. Early winter break time was scheduled at the
Ploeger shop to get the production of the frame complete on time. A lot of assistance was
needed from Professor Pringle to complete the manufacturing of the crushing shafts on the
CNC lathe and this was managed by constantly communicating with Professor Pringle to find
available time in both his schedule and the engineers schedule.

b. Physical Resources
A Lincoln Electric wire fed welder was used for the welding of the crushing wheel and producing
the frame of the housing. A Torchmate Plasma Table was used to accurately cut out the holes in
the housing plates. The Milltronics CNC lathe in the CWU machine shop was used to machine
down the round steel stock down to the 3 correct diameters that were determined. A metal
cutoff saw was used to cut the angle iron parts to length. The Partner Mill in the CWU machine
shop was used to cut keyways into the crushing shaft. The risk involved with the physical
resources is if any of the listed resources are not working when they are needed. This risk was
be managed by scheduling in extra time if physical resources are not available. The greatest risk
of the construction portion turned out to be lack of tooling and waiting to receive the new
boring bar to complete the crushing wheel hubs. Enough lag time was implemented into the
project management schedule to allow for the project to still be completed by the end of
winter quarter.

c. Soft Resources
In the design portion of this project the most important soft resource was Solidworks. This was
used to produce all the 3-dimensional models of the parts and the 2-dimensional drawings that
are in Appendix B.
Other important soft resources have been Microsoft word which has been used to complete
this report and Microsoft Excel which has been used to analyze data to determine plate
thickness.
There was a risk that there will not be enough lab time in Hogue 118 or 120 to complete the
more complex drawings that need the faster computers. This was managed by starting the
assemblies ahead of schedule.
The Torchmate plasma table software was used to cut down on the manufacturing time for all
of the ¼ inch parts. The main risk with using this software was finding the available time in the
machine shop to use the software. This was managed by scheduling a time early in the quarter
with a lab tech to learn how to run the software independently.
The Milltronics CNC lathe software was another soft resource that was needed and the main
risk with using it was not having enough time to learn the software. This was managed with
scheduling time with Professor Pringle to observe how the Milltronics CNC lathe is operated.

d. Financial Resources
Monetary support of this project has been provided by Joint Center for Aerospace Technology
Innovation. The grant will provide each member of this JCATI project to fully fund their portion
of improvements. The financial risk is if the JCATI budget of $5000 is not sufficient to buy
everyone’s needed materials. This will be managed by reusing the current crushing shafts,
crushing wheels, and bearings. During the construction portion of the project the budget was
monitored to attempt to only spend around 1/5 of the total budget. In the beginning of Winter
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quarter it was identified that more than $1000 was needed to purchase all of the material for
the delamination system. This budget constraint was solved by locating unused funds in the
oven environment and shredding system sections of the budget.

8. DISCUSSION
a. Design
The delamination system improvement’s main goal is to achieve 100 percent
delamination system. Since the beginning of the project the design of adding another set of
crushing wheels has been the plan. Since there was a new input torque of 2500 ft lbs, up from
the previous 2000 ft lbs the crushing shaft had to be redesigned. When the new minimum shaft
diameters were found in Analysis 5 they were larger than the existing shaft dimensions,
meaning 4 new crushing shafts were needed. This led into a risk of using more than 1/5 of the
$5000 budget for the Carbon Fiber Recycling system. From looking at the prices of a total of 6
feet of 3-inch round steel stock, 8 new bearings, and the material to make 4 crushing wheels
this was going to cost over $1000 and that is not including the steel plate for the housing and
angle iron for the frame. From talking to Professor Pringle, it was determined that it would be
acceptable to reuse the existing crushing shafts, crushing wheels, and bearings that are on the
existing system even though they are below the minimum diameters. The reasoning behind the
decision was because the crushing system will not be used to delaminate a large quantity of
carbon fiber it will not fail during testing but if it is scaled up in industry the proper diameters
will be used. This may cause the shaft to deflect more than the set requirement of less than .05
inches.
Initially to strengthen the housing of the delamination system the plan was to increase the
thickness of the housing plates to 3/8th inch plate. Analysis 4 was completed to determine the
thickness of the plate and this was completed by assuming it would behave like a short column.
After researching the cost of purchasing the 3/8th inch steel plate versus ¼ inch plate and
learning that the thicker plate would make manufacturing the plate at CWU more challenging
this design parameter was revisited. Analysis 8 was then completed to see if adding a center
angle iron support to the frame would have a large difference in the rigidity of the housing. This
was tested by testing the difference in deflection of the plate due to a 7500 pound point load,
and it was seen with the center support it would deflect 35% less. So, the housing plates were
changed back to ¼ inch and the Frame Support Crossmember was added to the plans.
One design requirement that may end up being unsuccessful is reaching the delamination of
100%. The objective of the project has now been steered in producing a delamination system
that can successfully run carbon fiber through the system without choking. Due to the previous
school year being affected by covid the existing system was not accurately tested so it is not
totally known If the increase of torque to 2500 ft-lbs will be enough to run the two crushing
wheels at once or even run a carbon fiber trimming completely through. This decision led to
keeping the interference of the existing crushing wheels at 0.140 inches and the new set of
crushing wheels will have a interference of .07 inches. If more time and a higher budget was
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available, it would be beneficial to have a system that the interference of the crushing wheels
could be easily adjusted.
Initially one design improvement for the new delamination system was to make the width of
the housing 5 inches instead of the existing 9 inches. This design change was going to help cut
down on material costs by reducing the length of the crushing shafts to around 14 inches and
this also would have most likely changed the minimum diameters of the shaft. The attempt to
reduce the width was determined to be unsuccessful because the existing shafts would need a
lot of additional manufacturing to reuse them.
When designing the keys for the spur/sprocket and the crushing wheels it was assumed that
the key material was SAE 1018 which has a yield strength of 54 ksi. Using this material with a
safety factor of 3 the minimum length was over the requirement of less than 6 inches.
Therefore, the key material was changed to using SAE 1045 which has a yield strength of 77 ksi
and this change was able to deliver minimum key length that is within the requirement.
When team members were connecting the drive train assembly and the delamination assembly
together it was noticed that the 2-inch shafts were not long enough to ensure that the large
sprocket on the bottom shaft would avoid hitting the smaller sprocket on the upper 2 inch
shaft. To fix this issue the new shaft design was lengthened by 2 inches to allow for more room.
Additionally, it was planned for the power to first go into the existing shafts that have a 1.375inch diameter at the section of interest so then the existing crushing wheels could be reused as
well. But the large sprocket that is being used to increase the torque out of the gear reducer
has a minimum bore diameter of 2 inches. This problem was solved by routing the input torque
to the 2-inch shafts going over the existing 1.375-inch shafts. This allowed for the current
sprocket to be ordered and allows the carbon fiber to be first crushed by the new shafts that
are better designed to crush the carbon fiber.

b. Construction
The first parts to be successfully manufactured and put together into an assembly were the
parts that make up the housing frame, Top Frame Cross member, Front Frame Crossmember,
Front Horizontal Crossmember, and Frame Support Crossmember. They were all successfully
completed ahead of time during Winter break of 2021, this helped overcome the lack of time
that is available for manufacturing during winter quarter. While manufacturing the Frame
Support Crossmember there was an alteration to the design, which increased the length of the
part so it would have more points of contact to the bottom of the frame. One small change that
was added to all the frame parts was chamfering all the edges that were being welded to other
frame pieces. This was done to ensure better contact by the weld material.
The design of the hub for the crushing wheel has changed drastically from originally
manufacturing it from ¼ inch steel tube with an inner diameter of 3 inches. The plan has now
changed to manufacturing the hub out of a piece of solid round steel. First a large drill bit will
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be used to drill a hole in the center and then a lathe will be used to bore out the remaining
material.
After getting further instruction on completing shaft analyses the shaft analysis for this project
was revisited to ensure it was completed accurately. With redoing the analysis, it was found
that the diameter of the crushing shaft at location of the crushing would need to be 4 inches.
This would be a major blow to the budget, due to the need of larger stock material, larger
bearings, and larger material for the crushing wheel hub. After testing the existing shaft to see
how it handled the crushing process, it was decided that to cut down on cost a shaft that is
machined down from a 3-inch stock material would be used. If the delamination system would
be used to crush more and thicker material a larger shaft would be needed. The delays in the
design of the shaft have caused delays in ordering the bearings, and the crushing shaft material
and caused delays in using the CNC plasma cutter to cut out the housing plates.
A lot more time was needed for manufacturing of the parts for the project, and this caused
delays in starting on the final assembly. The parts that took the longest to manufacture are the
hubs for the crushing wheel (ARE-20-016) and the crushing shaft (ARE-20-003). The hubs took
so long to manufacture due to the engineer’s and the lab techs lack of knowledge and
experience with boring out material. A vertical drill press was used to drill the initial hole
instead of completing this on the lathe. Also, the size of the key was changed to a ½ inch key
due to the university already having a ½ inch broach. Steady progress was being made to
complete the hubs on time until an important piece of the insert for the boring bar broke
during automated boring on the HAAS lathe. New tooling had to be obtained before the hub
could be finished. This part should have been started earlier in the construction phase due to
the lack of knowledge of the needed operations.
The crushing shaft also took a lot of time to manufacture due the very high precision that was
used and with how many different operations are needed to complete the part. Those
processes include adding center holes on an engine lathe, Milltronics lathe to turn the outer
diameters, Partner mill to add keyways, and metal band saw to cut to length. This part should
have also been started earlier in the construction phase due to how time consuming the
processes are and the lack of experience on some of the necessary equipment. The engineer
dealt with the lack of time by taking time out of work schedule to allow for more manufacturing
time.
The time management issues regarding needing more time to complete the crushing shafts and
having to wait to get more tooling to complete the crushing wheel hubs lead to the biggest
lesson from this project. That being to always start manufacturing/implementation processes
(or any tasks) with completing the most difficult tasks first. If that was done for this project,
then extra time would not have been needed at the end of Winter quarter.
A major issue that was discovered during assembly was the lack of a previous plan for where
the delamination system would be located on the table. This was dealt with at a team meeting
where the systems were test fitted on the table to determine the best location to ensure all
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gears and sprockets would not interfere. This was also later checked within the Solidworks
assembly. Since assemblies are easier to move around physically versus within the total
Solidworks assembly it was chosen to check first physically. The locations of both the
delamination system and shredder system should have been determined during the design
phase. This task should have been assigned to a certain team member during the design phase
to ensure it didn’t get forgotten.

c. Testing
Three tests were decided to be completed for the testing portion of this capstone project. The
three tests that were chosen were feed rate, percentage of delamination, and deflection of the
housing. During the testing phase some issues were come across and had to be dealt with by
changing the order of the testing and completing device improvements.
The first issue that was noticed during the testing phase was the first crushing shafts in the
system were starting to separate when the carbon fiber was inserted into the system. The initial
fix for this issue was adding roll pins into the pillow blocks on both sides of the system to ensure
they didn’t move. This was thought to fix this issue until the second attempt at completing the
percentage delamination test. During the second attempt it was noticed about 1.5 feet into
crushing that the spur gears on the initial shafts were no longer meshing as much as they
started as. This meant that the ¼ inch roll pins that were initially put in were not strong enough
to prevent the pillow blocks from separating. To fix this issue the ¼ inch roll pins were replaced
with 3/8 inch roll pins. With all of the issues on keeping the initial shafts at the correct distance
apart the first test that was completed changed from the percentage delamination test to the
feed rate test because the feed rate could be tested without having the pillow blocks being in
the exact correct position.
Another issue that was noticed during testing was that the spacing between the crushing
wheels when the system was running was smaller than the needed 0.35 inches. It was
identified that these smaller gaps were causing the additional force pushing the pillow blocks
apart. From further analysis of the crushing wheel it was noticed that the gaps between the
teeth on the bottom crushing wheel was not consistent. This was causing the carbon fiber to
not have enough room to deflect between the teeth cause extra stress on the roll pins and even
slightly bending some teeth on the crushing wheels. To solve this issue the bottom crushing
wheel was completely dismantled and remanufactured paying closer attention to the spacing of
the crushing wheels. The system improvements allowed for the percentage delamination test
and housing deflection test to occur before the deadline to complete testing.
Some modifications to the testing procedure that had to be made to complete the feed rate
test was getting assistance from other members of the carbon fiber recycling team. It was
added to the testing procedure that a team member was needed to time how long it took for 1
foot of the carbon fiber to be fed into the system. As well the team member was instructed to
be positioned parallel to the plexiglass to avoid parallax and to ensure the time was started at
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the right moment. The additional help was needed because it takes 1 person to control the
speed controller, one person for inserting the carbon fiber, so one additional person was
needed for timing. Another modification was the reduction of the motor rpm, the first trial was
completed at 700 RPM and that achieved a feed rate of 1.9 feet/min so the rpm was reduced to
419 where 1.00 feet/min was achieved. This change was needed to achieve a feed rate that was
closer to the requirement of 1 foot/min and was added to the procedure as well as the other
modifications.
Another testing procedure change that had to be made was to the housing deflection test.
Originally the deflection of the housing was planned to be measured on the side of the housing
that has the spur gears and the sprockets. With all of those moving mechanical components
there was not enough room for the caliper to reach the housing plate to measure the horizontal
deflection. The first solution was to relocate the caliper base to the top of the housing and to
have it hang over the side of the housing to measure the side deflection. After more evaluation
it was noticed that this would cause the caliper to move the same amount as the housing since
it would be attached to the housing. The deflection was then planned to be measured on the
other side of the housing where there is not any moving mechanical components. Theoretically
both sides of the housing should experience the same horizontal deflection.
After further testing it was noticed that the 3/8-inch roll pins were still not keeping the bearing
blocks in place. The next solution to the bearings not staying in place was to weld metal bars
onto the housing above the top bearings and below the bottom bearings. This was done with
assistance from the lab tech Bo Nielson and Matthew Denchel. After the system was
reassembled after the welding was completed another delamination test was completed. The
next solution was to fill the very slight gap that was between the metal bars and the bearings. A
feeler gage was able to fill the approximately 0.015-inch gap that was in between each bearing
and welded bar. Feeler gauge material was used to fill those gaps and after this was completed
there was only insignificant movement of crushing components that allowed for the test to be
completed. The movement of the crushing components were measured in the housing
deflection test and can be seen in Appendix G2.4. Due to these issues the percent delamination
test could not be finished in time to present about it for either of the TDRs, so the feed rate test
and the housing deflection test were moved up in the schedule to be able to deliver data for
the TDR presentations.

9. CONCLUSION
The design for the Delamination system has been completed and all the requirements that
were set for the project have guided the design parameter of the system through the proper
analyses and are shown in the part drawings. The function of this project is to provide an
additional set of crushing wheels to assist in the delamination process of the carbon fiber wing
trimmings. Analyses have been completed such as: determining the new crushing force,
determining the minimum shaft diameters, and determining the correct bearings to use. To
complete these analyses processes from Mechanical Design to find the design parameters,
Mechanics of Materials to determine stress in components, and Statics to find support
reactions in parts were used. All the components have been designed to function together with
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new and existing parts to make a delamination system that gets closer to 100 percent
delamination. With all the design parameters that were found in the analyses documented in
part drawings, seen in Appendix B, manufacturing the components will be straight forward.
Everything is ready to be ordered and the construction portion of the project can be started.
The construction and assembly of all the parts of the Carbon Fiber Delamination system will be
successfully completed within the winter quarter to allow for testing to start on time in spring
quarter. The original mounting locations for the delamination system were reused and the
system will be able to feed delaminated material directly into the following shredding system.
This redesign will be able to reach 100 % delamination and streamline the recycling process.
Many lessons were learned along the way about different manufacturing techniques, better
project management practices, and better design practices that could have been implemented
during the design process. The use of automated manufacturing with a plasma table and a CNC
lathe proved very helpful with increasing efficiency of manufacturing and delivering higher
quality parts.
The predicted performance for the delamination test was the delamination system was going to
reach near 60% delamination with the addition of another set of crushing wheels. 60%
delamination was able to be achieved through multiple rounds of testing and system
improvements. The requirement was set to reach 100% delamination but without changing the
interference distance between the crushing wheels at the new set of crushing wheels that was
not able to be achieved. If the interference gap on both the sets of crushing wheels were able
to be decreased, then the percent delamination would end up increasing. The redesign of the
housing frame to be a completely welded angle iron structure was able to decrease the
horizontal deflection from near 1/8 of an inch, which was set as the requirement, to only .003
inch. The addition of a center support to the housing frame was also beneficial to that result.
The feed rate of the system was able to stay at the requirement of 1 foot per minute even with
the change of the drivetrain. After testing it was found that the 1 foot per minute feed rate is to
slow for the shredder, causing it to produce mostly powder versus usable shreds. Also, the
drivetrain will have to be redesigned to allow the motor to spin near the 1700 rpm that it is
capable of to output the 5 hp. Overall the project was successful due to delivering a working
delamination system that doesn’t seize the motor during operation, the percent delamination
doubled the results of previous years by getting to 60%, and the new housing structure is much
more rigid during operation. Also, the project was completed $217 under budget and only
13.75 hours over budget.
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APPENDIX A - Analysis
Appendix A-1 – Crushing Force Required
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Appendix A-2 – Deflection of Crushing Shaft
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Appendix A-3 – Determining True Crushing Force
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Appendix A-4.1 – Determining Housing Thickness/
Horizontal Deflection
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Appendix A-4.2 Determining Housing Thickness/ Horizontal
Deflection
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Appendix A-4.3 Determining Housing Thickness/ Horizontal
Deflection
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Appendix A-5.1 Determining Shaft Diameter
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Appendix A-5.2 Determining Shaft Diameter
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Appendix A-5.3 Determining Shaft Diameter
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Appendix A-5.4 Determining Shaft Diameter
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Appendix A-6.1 Cyclic Loading Analysis
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Appendix A-6.2 Cyclic Loading Analysis
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Appendix A-7 Feed Rate
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Appendix A-8.1 Determining need for Center Support
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Appendix A-8.2 Determining need for Center Support
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Appendix A-9.1 Determining Key Size
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Appendix A-10.1 Determining Bearing Specifications
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Appendix A-11.1 Determining Bearing Bolt Diameter
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Appendix A-12.1 Determining Angle Iron Thickness

54

Appendix A-12.2 Determining Angle Iron Thickness
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Appendix A-13.1 Tolerances for Crushing Shaft

56

APPENDIX B - Drawings
Appendix B – Drawing Tree
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Appendix B – Main JCATI Assembly
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Appendix B – Delamination Assembly
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Appendix B – Crushing Wheel Sub-Assembly
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Appendix B – Housing Sub-Assembly
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Appendix B – Side 1 Housing Plate
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Appendix B – Side 2 Housing Plate

63

Appendix B – Crushing Shaft
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Appendix B –Top Housing Plate
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Appendix B – Top Frame Crossmember
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Appendix B – Front Frame Crossmember
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Appendix B – Front Horizontal Frame Crossmember
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Appendix B – Frame Support Crossmember
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Appendix B – Spur/Sprocket Key
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Appendix B – Crushing Wheel Key
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Appendix B – Crushing Wheel Disc
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Appendix B – Crushing Wheel Teeth
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Appendix B – Crushing Wheel Collar - OBSELETE
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Appendix B – Collar Keyway - OBSELETE
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Appendix B – Existing Crushing Shaft
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Appendix B – Crushing Wheel Hub
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Appendix B – 3-inch Radial Bearing
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Appendix B – 1.75-inch Radial Bearing – OBSELTE
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Appendix B – 2.75-inch Radial Bearing
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Appendix B – 1.375-inch Radial Bearing
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Appendix B – 2.0-inch Radial Bearing
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APPENDIX C – Parts List and Costs
Table C2. Parts List

Part Number Qty Part Description

Source

ARE-20-001

1

ARE-20-002

1

ARE-20-003

2

ARE-20-004

1

ARE-20-005

4

ARE-20-006

4

ARE-20-007

4

ARE-20-008

2

ARE-20-009

1

ARE-20-010

1

ARE-20-011

4

ARE-20-012
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Housing Plate Side
1/4” thick, 20”X20”
(Part of 4’X4’ plate)
Housing Plate Side
1/4” thick, 20”X20”
(Part of 4’X4’ plate)
Crushing Shaft
Low Carbon Steel
Rod, 2.5”
Diameter, 6’ Long
Housing Top Plate
¼” Thick, 9”X20”
(Part of 4’X3’ plate)
1.5”X1.5”X0.25”
Angle Iron
17 inches long
1.5”X1.5”X0.25”
Angle Iron
20 inches long
1.5”X1.5”X0.25”
Angle Iron
9 inches long
1.5”X1.5”X0.25”
Angle Iron
19.5 inches long
5.5”X.5”X.5” Key
1045 Carbon Steel
Bar
2.25”X.5”X.5”
1045 Carbon Steel
Bar
7” Diameter ¼”
Thick Steel Disc
(Part of 4’X4’ plate)
.75”X.75”X0.125”
Angle Iron
3 inches long

Disposition

Haskins

Cost
(each)
$92.26

Haskins

$92.26

Ordered 1/19/2022

Haskins

$132.09

Ordered 2/7/2022

Haskins

$57.66

Ordered 1/19/2022

Everett Steel

$7.16

Ordered
12/29/2021

Everett Steel

$8.59

Ordered
12/29/2021

Everett Steel

$3.82

Ordered
12/29/2021

Everett Steel

$8.59

Ordered
12/29/2021

CWU

$0.00

Provided by
machine shop

CWU

$0.00

Provided by
machine shop

Haskins

$15.70

Ordered 1/19/2022

Everett Steel

$0.61

Ordered
12/29/2021

Ordered 1/19/2022
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ARE-20-013

2

ARE-20-014

2

ARE-20-015

2

ARE-20-016

2

ARE-55-001

2

ARE-55-002

2

ARE-55-003

(Cut from 6’
length)
Crushing” Wheel
Collar – 3” ID,
0.216” Wall
Thickness
Collar Keyway
2.5”X1.25”X0.4”
(Cut from
1’X1.25”X”1.25”
material)
Existing Crushing
Shaft
Crushing Wheel
Hub
4-Bolt Flange
Bearing: 3 in Bore
Dia.

McMaster-Carr
(7750K118)

$0.00

Obsolete

McMaster-Carr
(9517K297)

$0.00

Obsolete

N/A

$0.00

Existing

CWU

$0.00

Grainger
(36UY53)

$185.47

Provided by
machine shop
Ordered 1/28/2022

2-Bolt Flange
Bearing: 1 3/4 in
Bore Dia.

Grainger
(3FCW2)

$0.00

Obsolete

2

4-Bolt Flange
Bearing: 2 3/4 in
Bore Dia.

Grainger

$0.00

Existing Part

ARE-55-004

2

2-Bolt Flange
Bearing: 1 3/8 in
Bore Dia.

Grainger

$0.00

Existing Part

ARE-55-005

2

2-Bolt Flange
Bearing: 2 in Bore
Dia.

Grainger
(36UY90)

$85.98

Ordered 1/28/2022

ARE-50-001

2

CWU/Fastenal

$0

Existing Fastener

ARE-50-004

26

CWU/Fastenal

$0

Existing Fastener

ARE-50-006

16

1" 3/8" - 16
Stainless Steel
Hex Head Screw
3/8" - 16 MediumStrength
Steel Hex Nut
2” 5/8" – 11
Medium-Strength

CWU/Fastenal

$0

Provided from
Machine Shop
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Steel Hex Screw
ARE-50-007

16

5/8" – 11 MediumStrength
Steel Hex Nut

CWU/Fastenal

$0

Provided from
Machine Shop

ARE-50-008

1
pk

3-inch Snap Ring
pack of 5

Fastenal

$21.34

Ordered 1/28/2022

Total

19 parts

$1318.67

APPENDIX D – Budget
Table D1. Project Budget.

Item
Crushing Shafts
Housing
Frame
Crushing Wheels

Qty
1
1
1
4

Bearings

8

Hardware
Labor
TOTAL

Description
2 20” Crushing Shafts
Housing Plates
1.5” Angle Iron
0.75” Angle iron welded to 6”
discs
Flange Bearings

Cost
$250
$350
$90
$150
$700
$50
$6000
$7590
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APPENDIX E - Schedule

Figure E1. Design Phase

Figure E2. Construction Phase
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Figure E3. – Testing Phase
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APPENDIX F – Expertise and Resources
Table F-1 Material Selection

Table F-2 Manufacturing of the Housing Plates

Table F-3 Best Manufacturing Technique for Housing Support
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APPENDIX G – Testing Report
Appendix G1 – Delamination Test
Introduction
The purpose of this test was to test the following requirement: the delamination system must
be able to get carbon fiber to 100 percent delamination to allow the shredder to shred the
carbon fiber. The parameter of interest was how many of the layers of the carbon fiber were
separated after being fed through the shredder. The layers were counted before and after
shredding to calculate the percentage of delamination. In Appendix A-1 the needed crushing
force to reach the shear modulus of carbon fiber was calculated to 8750 pounds. The true
crushing force was calculated in Appendix A-3 which was a total of 15000 pounds. With that
total being applied the total percentage of delamination was predicted to be 100 % if the
crushing forces at each set of crushing wheels was additive and 85 % if not. The data acquisition
for this test included counting the layers of the carbon fiber in total and calculating a
percentage delamination based on how many layers were separated. This test was rescheduled
to weeks 5 and 6 of the spring quarter/testing phase, this can be seen in Appendix E in the
Gannt chart.

Method/Approach
The resources that were needed for this test included Boeing Carbon Fiber Wing Trimmings,
Professor Pringle to run the variable frequency drive and to unlock the power supply, Lead
engineer on this project (Aaron Eastman) to feed the carbon fiber, and Matthew Denchel to
carefully watch the spur gear interference. The data was captured before and after the actual
delamination occurred. The total number of layers were compared to the number of layers that
were delaminated; this was then recorded in a table. After counting the layers, the carbon fiber
was then sent through the delamination system at a rate of 1 foot per minute. Afterwards the
number of delaminated layers were counted and recorded. The system can only crush carbon
fiber that is no larger than 0.35 inches X 3 inches, the provided carbon fiber was measured
beforehand to ensure it didn’t go over the limitations. The accuracy of determining if the layers
of carbon fiber is based on the shredding system engineers determination on which layers
could make it through the shredder. If the same person determines which layers are
delaminated, then it will be a precise test/determination. The data was stored within Table G1
below and was manipulated using the equation provided in the table. For the website and
Source poster the percentage delamination will be presented in a table and with pictures.

Test Procedure
The initial test of the delamination system is to see if the system can reach the design
requirement of 100 percent delamination of the carbon fiber strips. This will be done by
keeping track of the number of layers delaminated divided by the total layers.
This test will be completed on 4/20/2022 at 4 pm in Hogue 127 in the northeast corner of the
room. The test will take approximately 1 hour to complete including setup and clean up. The
needed resources include 2 individuals plus Professor Pringle, the carbon fiber trimming,
leather gloves, camera, and proper PPE.
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Some of the risks to completing this test, if Pringle is not available to be present then the test
would have to be rescheduled. To manage this risk the tests have been scheduled with Pringle
to ensure he is available. Another risk to completing this test is lack of power to complete this
test on time, to manage this extra time before the presentation has been scheduled. There are
a lot of safety risks involved with the delamination system. Individuals present during testing
must wear proper CWU lab PPE and stay away from the mechanism while it is under operation.
The person feeding the carbon fiber into the system must also wear leather gloves. The system
must have the metal covers on during operation.
1. Collect the following equipment:
a. Carbon fiber wing trimming that (3”X.35”X4’)
b. Leather work gloves
c. Camera
2. Assign a helper to run the camera to record a video of the delamination test.
3. Count the approximate number of layers that make up the carbon fiber and record it in
the given excel sheet see Table 1.1.
4. Get the breaker unlocked that is shown in Figure G 1 that the carbon fiber recycling
system receives power from. (Assistance from Professor Pringle will be needed)
5. Start the recording.

Lock that must
be unlocked by
Professor
Pringle

Figure G1.1 - Breaker

6. Ensure the emergency stop is not pressed.
7. Press the green power button of the left variable frequency drive (VFD) on the control
panel that can be seen in Figure G1.2.
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8. Using the dial on the VFD turn the motor powering the delamination system to 400 rpm.
Make sure the crushing wheels are rotating the correct way to allow for the carbon fiber
to be pulled through the system. If they are not turn the rpm of the motor to 0 and then
press the grey button on the VFD.
VFD RRM
Dial
Emergency
Stop
VFD
Power
Button

LCD RPM
screen

Power Off
Button

Button to
switch
motor
rotation

Figure G1.2 - Control Panel

Figure G1.3 – Variable Frequency Drive (VFD)

9. Have one individual feed the carbon fiber sample through the slot in the front plexiglass
safety cover that can be seen in Figure G1.4.

Feed Slot

Figure G1.4 - Delamination System
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10. Stop the system when the carbon fiber has all made it through both sets of crushing
wheels. If needed stop the machine with the use of the speed controller or the
Emergency stop to feed the carbon fiber below the entrance to the shredding system.
11. Turn the Delamination System off by dialing down the RPM to 0 and hitting the red
button on the VFD.
12. With the system off remove the carbon fiber from the system and place it on the
worktable in the northeast corner of Hogue 127.
13. Count how many of the layers are delaminated and record in the given excel sheet.
14. Use the equations given in Table G1.1 to calculate the percent delamination.
15. Turn off the breaker in Figure G1.1 and have Professor Pringle relock the breaker.
Table G1.1 - Data/Results

Deliverables
From the 1 delamination test that was able to be completed, 12 of the 15 layers of the carbon
fiber was able to be delaminated. This was able to deliver a percent delamination of 80%. Since
the requirement for this test was that 100% delamination be achieved and the system fell 40%
short. More improvements will have to be made to the delamination system to reach 100%
delamination, some recommendation include: increasing torque, changing number of teeth on
one set of crushing wheels, designing more effective crushing wheels.

Appendix G1.1 – Procedure Checklist
Needed Items
o Uncrushed Carbon Fiber
o Leather work gloves
o Camera
o Key to access to breaker
o Access to Hogue 127
Needed Assistance
o Professor Pringle to run Variable Frequency Drive
o 1 team member to feed carbon fiber into system
o 1 team member to inspect interference of spur gears
o 1 team member to record video
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Appendix G1.2 – Data Forms
Table 1.2 – Data Form

Appendix G1.3 – Raw Data
Table 1.3 – Raw Data

Appendix G1.4 – Evaluation Sheet
Table 3.4 - Evaluation Sheet

Appendix G1.5 – Schedule (Testing)
Initially the Delamination test was scheduled to take place the first week of spring quarter but
after the issue with the bearing blocks separating the test was moved to weeks 5 and 6 of the
quarter. The final testing was done on a Thursday afternoon when both the team members and
Professor Pringle were available.

Figure 1.5 - Schedule
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Appendix G2 – Housing Deflection
Introduction
This Housing deflection test was designed to test the following requirement: The housing of the
delamination system will not have a horizontal displacement of .125 inches when crushing the
material. The parameter of interest for this test was the deflection in inches that the housing
deflected horizontally. The predicted performance for this test was near 0.040 inches with the
addition of the center support, this can be seen in Appendix A4.3. The data will be acquired
with the use of a dial caliber that will be placed on the north side of the project in between the
first two of the bearing blocks. A video will be taken of the digital caliper while the system is
running and will be reviewed after to get the 3 data points 5 seconds apart. This test was
initially scheduled to be the last test of the quarter during weeks 5 and 6 but was moved to the
2nd test due to the improvements that had to be made to complete the delamination test.

Method/Approach
The resources that were needed for this test included Boeing Carbon Fiber Wing Trimmings,
Professor Pringle to run the variable frequency drive and to unlock the power supply, Lead
engineer on this project (Aaron Eastman) to feed the carbon fiber, Matthew Denchel to
carefully watch the spur gear interference, and an additional teammate to record the dial
caliper. The data was captured for this test with the use of a dial caliper which will be recorded
during the crushing operations of the system. After testing the video will be reviewed and 3
data points will be taken, each 5 seconds apart. Additionally, the front of the housing will be
checked for separation of the plate and the housing frame and be recorded. This test was
originally designed for measuring the deflection in the middle of the housing so that is what will
be used for the results. The procedure will be similar to the other test with Professor Pringle
operating the system, Aaron Eastman feeding the carbon fiber, Matthew Denchel observing the
spur gear interference, but this test will need an additional team member (Parker Sudderth) to
record a video of the dial caliper. The system can only crush carbon fiber that is no larger than
0.35 inches X 3 inches, the provided carbon fiber was measured beforehand to ensure it didn’t
go over the limitations. The precision of the deflection is all the way out to ± .0005 because the
digital caliper is precise to that level. The data was recorded in the data form that can be seen
in G2.2, and was analyzed without any manipulation excluding the extraction from the video.
The data was presented on the website and in the source presentation in a table showing the
max deflection.

Test Procedure
1.Collect the following equipment:
a. Carbon fiber wing trimming that (3”X.35”X4’)
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2.
3.
4.
5.
6.

b. Leather work gloves
c. Caliper
d. Caliper Stand
e. Stool/table
f. Camera
Assign a helper to record the caliper to determine the max deflection from the video.
Place the stool/table next to the side of the housing that does not have the moving
mechanical components.
Place the tip of the caliper against the designated location indicated in Figure G5, which
is in between the 2 inch bearing blocks.
Zero out the caliper.
Get the breaker unlocked that is shown in Figure G2.1 that the carbon fiber recycling
system receives power from. (Assistance from Professor Pringle will be needed)

Figure G2.1 - Breaker

7.
8.
9.

Ensure the emergency stop is not pressed.
Press the green power button of the left variable frequency drive (VFD) on the control
panel that can be seen in Figure G2.3.
Using the dial on the VFD turn the motor powering the delamination system to 400
rpm. Make sure the crushing wheels are rotating the correct way to allow for the
carbon fiber to be pulled through the system. If they are not turn the rpm of the motor
to 0 and then press the grey button on the VFD.
VFD RRM
Dial
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Emergency
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VFD
Power
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Power Off
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Figure G2.2 - Control Panel

Figure G2.3 – Variable Frequency Drive (VFD)

10. Have one individual feed the carbon fiber sample through the slot in the front
plexiglass safety cover that can be seen in Figure G2.4.

Feed Slot

Figure G2.4 - Delamination System

11. Stop the system when the carbon fiber has all made it through both sets of crushing
wheels. If needed stop the machine with the use of the speed controller or the
Emergency stop to feed the carbon fiber below the entrance to the shredding system.
12. Turn the Delamination System off by dialing down the RPM to 0 and hitting the red
button on the VFD.
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13. With the system off remove the carbon fiber from the system and place it on the
worktable in the northeast corner of Hogue 127.
14. Turn off the breaker in Figure G2.1 and have Professor Pringle relock the breaker.
15. Using the recording, record the deflection at 5 seconds, 10 seconds, and 15 seconds in
the provided table below.
Table G2.1 - Data/Results

Deliverables
Three data points were collected for the deflection of the housing they can all be seen in G2.4,
but the max deflection noticed in between the first 2 bearing blocks on the north side was
.0035 inches. This deemed the improvements of the housing frame a success. Those
improvements include having a more rigid housing frame that was welded together with a
middle support added. The 0.0035-inch horizontal deflection in the point of interest is
significantly less than the requirement of 0.125 inches. Additionally, during the operation of the
system is was noticed that there could be other areas that were deflecting during operation
such as the shafts deflecting, the plate separating from the housing frame, and the placement
bars separating. So in the Appendix 2.2 – 2.4 you can see extra measurements that were taken
to track where additional deflection was occurring. It was noticed that the shafts were
deflecting approximately 1/16 inch, the housing plate was separating from the frame by 1/16 of
an inch, and the placement bars separated by 1/32 of an inch.

Appendix G2.1 – Procedure Checklist
Needed Items
o Uncrushed Carbon Fiber
o Leather work gloves
o Camera
o Key to access to breaker
o Access to Hogue 127
o Stool/table for dial caliper to rest on
o Dial caliper
Needed Assistance
o Professor Pringle to run Variable Frequency Drive
o 1 team member to feed carbon fiber into system
o 1 team member to inspect interference of spur gears
o 1 team member to record video of dial caliper
97

Appendix G2.2 – Data Forms
Table G2.2 - Data Form

Table G2.3 - Extra Data Form

Appendix G2.3 – Raw Data
Table G2.4 - Raw Data

Table G2.5 - Extra Raw Data
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Appendix G2.4 – Evaluation Sheet
Table G2.6 - Evaluation Sheet

Table G2.7 - Extra Evaluation Sheet

Appendix G2.5 – Schedule (Testing)
Figure G2.5 - Schedule

The housing deflection test was originally scheduled to occur as the final test of the quarter but
was rescheduled to be the second test after the needed improvements to complete the
delamination test were identified.

Appendix G3 – Feed Rate
Introduction
The purpose of this test was to test the following requirement: The feed rate of the
delaminating process must be at least 1 foot per minute. The parameter of interest for this time
was the amount of time it took for 1 foot of carbon fiber to be fed through the system, this was
measured in minutes. The predicted result of this test was that the feed rate would be over 1
foot per minute when the motor input of at least 391 RPM, this can be seen in Appendix A-7.
The data will be collected with the use of a stopwatch application. This test was scheduled to
originally be the second test to be completed but with difficulties with the delamination test it
was rescheduled to be the first test early in the quarter.

Method/Approach
The resources that were needed for this test included Boeing Carbon Fiber Wing Trimmings, a
stopwatch, Professor Pringle to run the variable frequency drive and to unlock the power
supply, Lead engineer on this project (Aaron Eastman) to feed the carbon fiber, Matthew
Denchel to carefully watch the spur gear interference, and an additional teammate to use a
stopwatch to measure the time. The data will be acquired with the use of a stopwatch and then
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recorded in an excel sheet which calculated the feet per minute. The procedure for the test is
similar to the normal operation of the delamination system but with an additional person
measuring the time needed for 1 foot of carbon fiber to go through the system. The system can
only crush carbon fiber that is no larger than 0.35 inches X 3 inches, the provided carbon fiber
was measured beforehand to ensure it didn’t go over the limitations. The precision of the time
is to the nearest 0.5 a second due to the time being measured by hand and there is some
human error in that. Multiple trials were completed to ensure the test results were accurate.
The data was stored in the table that can be seen in Appendix G3.2 and excel equations were
used to change the time to a feed rate per minute. The data was presented on the website and
on the source poster in a table.

Test Procedure
1. Collect the following equipment:
a. Carbon fiber wing trimming that (3”X.35”X4’)
b. Leather work gloves
c. Stopwatch
2. Assign a helper to run the camera to record a video of the delamination test.
3. On the collected carbon fiber make two marks that are 1 foot apart with a white marker.
4. Get the breaker unlocked that is shown in Figure G3.1 that the carbon fiber recycling
system receives power from. (Assistance from Professor Pringle will be needed)

Figure G3.1 - Breaker

5. Ensure the emergency stop is not pressed.
6. Press the green power button of the left variable frequency drive (VFD) on the control
panel that can be seen in Figure G3.3.
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7. Using the dial on the VFD turn the motor powering the delamination system to 400 rpm.
Make sure the crushing wheels are rotating the correct way to allow for the carbon fiber
to be pulled through the system. If they are not turn the rpm of the motor to 0 and then
press the grey button on the VFD.
VFD RRM
Dial
Emergency
Stop
VFD
Power
Button

LCD RPM
screen

Power Off
Button

Button to
switch
motor
rotation

Figure G3.2 - Control Panel

Figure G.3 – Variable Frequency Drive (VFD)

8. Have one individual feed the carbon fiber sample through the slot in the front plexiglass
safety cover that can be seen in Figure G3.4.
9. Have the person operating the stopwatch standing parallel to the plexiglass so they can
accurately see when the line on the carbon fiber passes through the plexiglass feed slot.
10. Start the timer right when the first line on the carbon fiber passes through the
plexiglass.
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Feed Slot

Figure G3.4 - Delamination System

11. Stop the stopwatch when the second line on the carbon fiber passes through the feed
slot.
12. Record the time in the below table G3.1.
13. Stop the system when the carbon fiber has all made it through both sets of crushing
wheels. If needed stop the machine with the use of the speed controller or the
Emergency stop to feed the carbon fiber below the entrance to the shredding system.
14. Turn the Delamination System off by dialing down the RPM to 0 and hitting the red
button on the VFD.
15. With the system off remove the carbon fiber from the system and place it on the
worktable in the northeast corner of Hogue 127.
16. Use the equations given in Table 3.1 to calculate the feed rate of the system.
17. Turn off the breaker in Figure G3.1 and have Professor Pringle relock the breaker.
Table G3.1 - Data/Results

Deliverables
After completing multiple trials of feed rate testing the feed rate of the system was refined to
be exactly 1 foot per minute. This was not achieved at the 1 foot per minute which was
expected in analysis 7, the input rpm had to be increased to 419 rpm. The difference can be
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accounted for slippage of the carbon fiber during the crushing process. The requirement of
having a feed rate of at least 1 foot per minute was achieved.

Appendix G3.1 – Procedure Checklist
Needed Items
o Uncrushed Carbon Fiber
o Leather work gloves
o Stopwatch application
o Key to access to breaker
o Access to Hogue 127
Needed Assistance
o Professor Pringle to run Variable Frequency Drive
o 1 team member to feed carbon fiber into system
o 1 team member to inspect interference of spur gears
o 1 team member to measure the time with stopwatch
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Appendix G3.2 – Data Forms
Table G3.2 - Data Form

Appendix G3.3 – Raw Data
Table G3.3 - Raw Data

Appendix G3.4 – Evaluation Sheet
Table G3.4 - Evaluation Sheet

Appendix G3.5 – Schedule (Testing)
Figure G3.5 - Schedule

The feed rate test was originally planned to be the second test of the spring quarter but after
issues with the separation of the bearing blocks caused this to move up to the first test of the
quarter.
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APPENDIX H – Resume
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